While considerable work has been done on chemically functionalizing hydroxyapatite, little has been done on tailoring the electrical surface potential. This has been due to limitations in the available methods to impart a surface charge. Work to date has charged conventionally manufactured hydroxyapatite exhibiting a random crystal orientation. At the outset, the microstructure has not been optimized for the highest surface potential. The aim of this work was to both orient the crystals as well as fill the structure with hydroxyl ions for further increasing the surface electrical potential. We used hydroxyapatite coatings with the same topography, but different hydroxyl ion concentration; this altered the surface potential that was measured by Kelvin probe AFM. Results indicate that a greater hydroxyl ion concentration increases the surface potential of the hydroxyapatite coating. Coatings with a higher surface potential showed improved biological response, measured as osteoblast attachment and osteoblast related gene expression.
Introduction
Successful osteointegration of orthopaedic implants after surgery still remains a significant issue in our aging population. Hence it is important to develop materials that can provide the ideal natural environment for bone cells to function, develop and successfully integrate the implant into newly made bone. Hydroxyapatite (HA) as a bulk ceramic or coating on metallic implants has shown a good clinical outcome [1, 2] , but further improvements are necessary. Various factors have been incorporated to aid integration and inhibit bacterial growth [3, 4] . Although HA naturally exists in mineralized tissue, engineering a HA implant still has issues. A recent review highlights the need to address surface modifications [2] . This work will address the use of hydroxyl (OH -) ions for altering the surface potential.
Surface energy -less commonly addressed by biomaterials researchers -plays a vital part in many tissues and organs throughout the body. Surface charge has improved implant fixation by promoting protein adhesion and increased cell activity thereby forming more bone [5] [6] [7] [8] . Different approaches have been used to alter the charge of HA surface, such as electromagnetic stimulation [9] and coating with amino acids [10] , however just a fundamental change in the implant microstructure could improve the performance of biomaterials.
Hydroxyapatite materials have the ability to induce stem cells to differentiate into osteoblasts making it a potential scaffold material for bone tissue engineering [2, 11, 12] . Cell behaviour depends on the surface chemistry, topography and energy. When cells come into contact with the HA surface these extracellular factors trigger a cell response, which result in the alteration of bone related gene and protein expression, consequently modifying proliferation and differentiation of osteoblasts [11, 13] . We propose that varying the surface potential is a simple and effective way of regulating the type and quantity of factors that regulates bone cell binding and development on the HA surface.
This study investigated the role of hydroxyl ion concentration on the surface potential of hydroxyapatite coating and evaluated osteoblast adhesion, proliferation and bone-related gene expressions by primary human derived osteoblasts cultured on HA substrates with different surface potential.
Materials and Methods
Coating Preparation. Hydroxyapatite powder (CAM Bioceramics, particle size of 20 -40 µm) was delivered from the powder feeder (Metco 4MP-Dual, Perkin Elmer) into a flame spray torch (CastoDyn DS 8000) operated with acetylene and oxygen for the flame, and air for the carrier gas. Commercially pure (grade 1) titanium substrates (grit blasted) were positioned 12 cm from the torch and preheated to 250 °C. Melted particles from the torch produced round splats on the preheated titanium, and ensured crystal alignment. Half of the coatings were subjected to hydrothermal posttreatment in a pressure vessel for 20 h at 200 °C. To ensure the alignment of hydroxyl ions all coatings were polarized in a strong electric field (15 kV/cm) at 400 °C for 3 h. X-ray Diffraction. Powder X-ray diffraction patterns were recorded on a D8 Advance diffractometer (Brücker) using Cu Kα radiation (λ = 1.54 Å) at 40 kV voltage and 40 mA current passing through a Kβ Ni-filter (0,020 mm) over a 10 -55° diffraction angle range (2θ) with a scanning step of 0.020 on a position sensitive detector. This technique was used to analyse phase composition of hydroxyapatite powder and coatings. Powdered samples were ground with a mortar and pestle before measurement. Crystalline phases were identified using ICDD (International Centre for Diffraction Data) diffraction patterns from pure phases. Fourier Transform Infrared Spectroscopy. A Frontier FT-IR/FIR spectrometer (Perkin Elmer) was used to detect the hydroxyl ions and phosphate ions in the hydroxyapatite between 400 and 4000 cm -1 at a resolution of 4 cm -1 . A total of 16 scans were taken and then averaged. Samples were prepared a) by uniaxial pressing homogenized mixture of 300 mg KBr with 3 mg of the sample (for the analysis of functional groups) or b) by mixing the sample with Nujol paraffin oil and then placed between two KBr discs (for the quantification of hydroxyl groups). Inductively Coupled Plasma Mass Spectrometry. Microelements in the hydroxyapatite were detected using PerkinElmer SCIEX ELAN DRC-e ICP-MS. Argon with a purity of 99.999% was used as a carrier gas. 0.3 g of sample was digested in an oxidizing acidic medium using 65% nitric acid and 30% hydrogen peroxide. A total of 5 measurements were taken and averaged. Atomic Force Microscopy. AFM (Solver-Pro NT-MDT) with KPFM function is used in order to measure electric potential of the hydroxyapatite surface. Platinum coated chip (NT-MDT; NSG01/Pt; 140 -390 kHz) is used. Electric potential is measured by semi-contact scanning method in five points on the surface of each sample to obtain the average representative value. Cell Culture. In vitro study involved 3 donors of normal human bone-derived osteoblasts (passage 4) cultured on HA coatings for 1 day and 7 days. All samples were sterilized with ethylene oxide, placed in 24-well plates and seeded at a cell concentration of 2x10 4 cells/well. 500 µl of proliferation media (α-MEM (Sigma) with 1% HEPES, 1% Pen/Strep, 1% L-Glutamine and 10% FBS) was used in each well. Media was changed every 3 days. All samples were incubated at 37 °C in an atmosphere of 5% CO 2 . Scanning Electron Microscopy. Cell attachment and spreading on a material were assessed by SEM imaging after 1 day incubation. Samples were fixed with 4% paraformaldehyde/ 1.25% glutaraldehyde with 4% sucrose solution. Post-fixation was performed with 2% osmium tetroxide followed by gradient dehydration procedure. Then samples were sputter coated with platinum and examined with a scanning electron microscope (Philips XL 30) at a 10 kV acceleration voltage. Confocal Imaging. Cell nuclei visualization by DAPI staining was used for counting the cells after 1 day incubation. Fixation and permeation were done with 4% paraformaldehyde and 0.1% Triton X-100, respectively, followed by the addition of DAPI (Sigma). The cellular morphology was observed using a confocal microscope (Leica TCS SP5). Five representative images were taken for each material and the number of cells nuclei was counted.
Real-time PCR. RNA was extracted from cells grown on the materials at day 7 using TRIzol. Reverse transcription was carried out using a Corbett real-time PCR machine (Rotor Gene RG-3000, Corbett Life Science) with random hexamer primer and SuperScript III reverse transcriptase according to the manufacturer's instructions to produce cDNA. Quantitative real-time PCR was performed to compare expression levels of cDNA for specific osteoblast genes in cells grown on the HA coatings. The GAPDH was used as a housekeeping gene to allow comparison of the data for each of the genes: osteocalcin (OCN), Collagen Type I alpha 1 (Col1a1), Runt-related transcription factor 2 (RUNx2), osteopontin (OPN). PCR was performed in triplicate for each sample.
Results and Discussion
The hydroxyapatite powder showed a high purity and was suitable for changing the electrical potential. XRD pattern ( Fig. 1-a) demonstrated the phase composition of the powder used for preparing coatings. Diffraction peaks confirmed a hydroxyapatite phase. A small shoulder at 31° 2Θ suggested a minor presence of β-tricalcium phosphate. Chemical bonding of HA powder revealed by FT-IR spectroscopy ( Fig. 1-b ) showed vibrations characteristic of stoichiometric hydroxyapatite: PO 4 3groups at 460 cm -1 , 550-600 cm -1 , 960 cm -1 , 1020-1100 cm -1 and OHgroups at 630 cm -1 and 3570 cm -1 . ICP-MS results (listed in Table 1 ) showed a low concentration of other cations included in the hydroxyapatite powder as an impurities. It is reasonable to assume that other elements in such a low concentration (parts per million) did not affect the results. Two types of coatings were prepared to evaluate the influence of hydroxyl groups on the surface potential and consequent biological response -a conventional HA coating (cHA) and a hydrothermally processed HA coating (ht-HA). Both coatings exhibited preferred <001> crystal orientation, as seen by the high intensity (002) and (004) diffraction peaks ( Fig. 2-a) . The phase composition examined by conducting X-ray diffraction on crushed coatings to reveal all peaks showed that all peaks are characteristic of hydroxyapatite ( Fig. 2-b) . The X-ray diffraction was thus able to show that hydroxyapatite was still present after spraying, but this time with oriented crystals. Hydroxyl ions in the hydroxyapatite were then oriented by polarization.
The surface of coatings is shown in SEM images (Fig. 4) . Both coatings show a smooth surface from well-molten round HA particles which are obtained by spraying onto a preheated substrate [14] . Cross-sections of the coatings showed an average thickness of 32 ± 2 µm. Coatings were hydrothermally processed to restore hydroxyl ions that were depleted during thermal spraying of HA. FTIR results showed that coatings subjected to water vapour contain more OHions in the structure compared to the conventional coatings (Fig 3-a) . A previously developed OHquantification method (to be published) using the ratio of the OH-absorption peak intensity at 3572 cm -1 and the PO 4 absorption peak at 962 cm -1 was used to study the change in the OHion concentration from hydrothermal processing. Hydrothermally treated coating comprised 65% more hydroxyl ions than the as-sprayed HA coating.
To ascertain whether the concentration of hydroxyl ions in HA structure influenced the surface potential it was first necessary to align the OHgroups in one direction. Polarization at elevated temperature under the electric field supplied sufficient energy to reorient OHions from all columns within one direction [15] . Kelvin probe AFM measurements showed that hydroxyapatite coating with more OHions in the structure possessed a higher surface electric potential (Fig 3-b) . The most effective design of hydroxyapatite for a surface potential a) starts at the atomic level by atomic positioning within the crystal, b) refines the crystal size, shape, orientation and then c) assembles individual crystals to optimize the microstructure at all hierarchical levels. After careful assembly, the material from the core to the surface is optimized. Design over the complete range is seldom found in orthopaedic biomaterials.
We have developed an approach for tailoring and maximizing the surface charge of HA coatings. This is achieved in two ways. Firstly, the coatings are sprayed onto pre-heated metal to orient the crystals (Fig 2-a) . Secondly, after spraying, vacant hydroxyl ion sites are filled, by placing the coating in water vapour (Fig 3-a) , and then orientating the OHions under an electric field (Fig 3-b) . The combined use of crystal orientation and hydroxyl ion orientation achieves the maximum charge possible. HA coatings after 1 day. Osteoblasts were grown on HA coated discs and in-vitro tests were carried out as described in the methods. The results obtained by SEM analysis (Fig.4 ) and cell counts ( Fig.5-a) , based on the DAPI nuclei staining, showed that ht-HA coating had elevated cell adhesion assessed after 1 day in cell culture. Stretched cell protrusions on the ht-HA coating suggest that the cells are healthier and active compared to the cells on the conventional HA coating. PCR analysis of mRNA expression after osteoblast were grown for 7 days on the HA coatings ( Fig.5-b) showed an increase in the expression of all genes related to osteoblast growth, maturation and transition into the osteocyte phenotype on hydrothermally treated coatings. The collagen type I marker, essential for osteoid formation and subsequent mineralization, is expressed from the early stages of differentiation. Higher expression of Col1a1 indicates that ht-HA coatings enhance osteoid deposition [11] . RUNx2 is also essential for bone formation as it triggers the expression of major bone matrix genes during the early stages of osteoblast differentiation. This allows osteoblasts to undergo differentiation into mature osteoblasts that have increased expression of other important bone genes -osteocalcin and osteopontin. A greater expression of osteocalcin protein by osteoblasts indicates enhanced maturation of osteoblasts grown on the ht-HA coating.
Summary
The combination of the oriented grains together with an OHguidance mechanism (hydrothermal treatment and polarization) is important to optimize the charge on the hydroxyapatite coating surface. Surface electric potential increases with a higher amount of OHions in the HA structure. Consequently, the osteoblast adherence and maturation was increased consistent with enhanced bone formation. 
